We studied the expression of cytokines, chemokines, and chemokine receptors by the RNase protection assay in chlamydia-pulsed dendritic cells to better understand their potent anti-chlamydial immunizing properties. We found that chlamydia-pulsed dendritic cells express a complex profile of inflammatory and immunomodulatory molecules. These include CCR-7, interleukin-12, and interferon-induced protein 10, molecules that might influence the homing of pulsed dendritic cells to the site of chlamydial infection and the induction of a local protective CD4 ؉ Th1 cellular immunity.
Chlamydia trachomatis is an obligatory intracellular bacterial parasite that infects the oculogenital mucosal epithelium, causing trachoma, the world's leading cause of preventable blindness, and sexually transmitted diseases. Pelvic inflammatory disease is a serious sequalae of C. trachomatis infection of the female genital tract that can result in tubal blockage, infertility, or ectopic pregnancy (2, 4, 8, 13) . The development of an efficacious vaccine against C. trachomatis oculogenital infection is likely to be key to the control of both trachoma and chlamydial sexually transmitted diseases. Despite considerable effort, however, there has been little favorable progress toward this end. Conventional vaccination approaches have produced disappointing results in their abilities to prevent infection of the mouse female genital tract (12, 14, 19) , despite a modicum of success in controlling chlamydial infection of the respiratory tract (20) . Solid protective immunity to genital rechallenge has been achieved only by infection or adoptive immunization with dendritic cells (DC) pulsed ex vivo with inactivated whole chlamydial organisms (6, 18) . Interestingly, mice immunized with chlamydia-pulsed DC exhibit equivalent levels of protective immunity to that in mice that have spontaneously resolved a primary genital infection (18) . Both infection-mediated protective immunity and immunity elicited following adoptive transfer of antigen-pulsed DC correlate with a chlamydia-specific CD4
ϩ Th1-biased immune response characterized by the secretion of high levels of gamma interferon from local and splenic CD4
ϩ T cells (6, 18) . Recent studies have also indicated an important cooperative role for both CD4 ϩ T cells and B cells in recall immunity in the murine model; however the mechanism(s) that mediates this cooperative effector function has not been described (11) . Clearly, the use of ex vivo antigenpulsed DC as a practical chlamydial vaccine is unsuited for use in humans. Nevertheless, the ability of ex vivo antigen-pulsed DC to elicit solid antichlamydial protective immunity at the genital mucosae is gratifying because it demonstrates that a more complete understanding of chlamydia-DC interactions may provide important information applicable to the development of a conventional antichlamydial vaccine.
In this work we have investigated cytokine, chemokine, and chemokine receptor gene expression in chlamydia-pulsed DC by the RNase protection assay (RPA). Our findings show that populations of chlamydia-pulsed DC that provide solid protective immunity following adoptive transfer to naive mice up regulate genes that mediate DC homing to lymphatic tissues and the recruitment and activation of T cells.
Chlamydiae, mice, and DC. The mouse pneumonitis (MoPn) strain of C. trachomatis was grown in HeLa 229 cells. Infectious elementary bodies (EBs) were purified by density gradient centrifugation, and infection-forming units (IFU) were determined as previously described (3) . Female C57BL/10 mice were purchased from The Jackson Laboratory (Bar Harbor, Maine) and used between 8 and 12 weeks of age. Bone marrow-derived DC were generated from C57BL/10 female mice (6 to 12 weeks old) using a modified version of the Inaba technique (7). Briefly, femurs were removed from mice and bone marrow cells were flushed from the femurs and cultured in Iscove modified Dulbecco medium (IMDM) (Life Technologies) supplemented with 10% fetal bovine serum, 10 g of gentamicin sulfate per ml, 10 ng of granulocyte-macrophage colony-stimulating factor (GM-CSF), per ml, and 10 3 U of interleukin-4 (IL-4) (PharMingen) per ml at 2 ϫ 10 6 cells/ml in 100-mm tissue culture dishes. On day 3 of culture, nonadherent cells were removed and fresh medium containing GM-CSF and IL-4 was added. On day 5 of culture, DC were separated from the remaining contaminating macrophages by transferring the nonadherent and loosely adherent DC cells to new culturing plates and were then incubated at 37°C for 2 h. This procedure was repeated, and nonadherent DC were further purified by density gradient centrifugation in metrizamide gradients (Sigma) prepared in cell culture medium. The purity of density gradient-purified DC was assessed by flow cytometry (Becton Dickinson) after staining with anti-I-A b , anti-CD86, anti-CD40, anti-CD11b, anti-Gr1, anti-CD3, anti-CD19, and anti-Pan NK. Isolated DC showed positive staining for I-A b , CD86, CD40, and CD11b and were negative for CD3, CD19, and Gr-1 (data not shown).
DC cultured for 5 days, panned, and isolated from density gradients were washed and plated at 2.5 ϫ 10 6 DC/well in six-well tissue culture plates containing culture medium supplemented with 10 ng of GM-CSF per ml. DC were divided into the following groups and treated as follows: (i) no treatment (IMDM alone); (ii) 10 ng of lipopolysaccharide (LPS) (Escherichia coli strain O26:B6 [Sigma]) per ml, which served as a positive control for DC activation; (iii) latex beads (2.5% solids-latex, 0.585 m in diameter [Polysciences, Inc.]), which served as a negative control for gene expression induced by endocytosis; and (iv) heat-inactivated (56°C for 30 min) MoPn EBs. LPS, latex beads, and EBs were all diluted in IMDM and the material added directly to the plates containing DC. The materials were mixed with DC by gently swirling the plates. The plates were then incubated at 37°C for 12 h, and DC were harvested and prepared for flow cytometry, RPA, or adoptive immunization.
Immunization with chlamydia-pulsed DC. Female mice (five to eight animals per group) were immunized by the subcutaneous (s.c.), intraperitoneal (i.p.), or intravenous (i.v.) route. Treated or untreated DC were washed in cell culture medium without FBS and resuspended in Hanks balanced salt solution (HBSS) at 2.5 ϫ 10 7 cells/ml. A 0.2-ml volume of these suspensions (5 ϫ 10 6 cells) was used to inoculate mice by the different routes described above. Heat-inactivated EBs (2.5 ϫ 10 8 , an equivalent number of heat-inactivated HK EBs to that used to pulse DC) resuspended in 0. well. Cultures were incubated for 24 h and fixed in methanol. Chlamydial inclusions were detected by indirect-immunofluorescence staining using the chlamydia-LPS genus-specific monoclonal antibody EVI-H1 and quantified as IFU.
RPA. DC total RNA was harvested by the TriZol RNA isolation method (Life Technologies) at 2, 12, 24, 48, and 72 h posttreatment. A multiprobe RPA system (PharMingen) was used to detect DC expression of macrophage inflammatory protein 1␣ (MIP-1␣), MIP-1␤, MIP-2, MIP-3␣, MIP-3␤, monocyte chemotactic protein 1, lymphotactin, eotaxin, RAN-TES (regulated on activation, normal T-cell expressed and secreted), interferon-induced protein 10 (IP-10), T-cell activation gene 3 (TCA-3), chemokine receptor 1 (CCR1), CCR1␤, CCR3, CCR4, CCR5, CCR6, CCR7, IL-1␣, IL-1␤, IL-1 receptor antagonist, IL-6, IL-10, IL-12p35, IL-12p40, IL-18, gamma interferon, tumor necrosis factor alpha (TNF-␣), migration inhibitory factor (MIF), and constitutive genes (internal controls) L32 and glyceraldehyd-3-phosphate dehydrogenase (GAPDH). Briefly, DNA templates encoding exonic sequences of the genes of interest were fused to a T7 promoter and used for T7 RNA polymerase-directed synthesis of highly specific 32 P-labeled antisense RNA probes. Labeled RNA probes were hybridized in excess overnight at 56°C with 4 g of target DC mRNA. The following day, free probe and other single-stranded RNA molecules were digested with RNases T 1 and A. The remaining "RNase-protected" probes were purified, resolved on denaturing polyacrylamide gels based on size, and imaged by autoradiography. Protected probes at the appropriate sizes represent specific DC mRNA.
Intravenous immunization with chlamydia-pulsed DC is the optimum route for eliciting protective immunity. We initially studied whether the route of immunization with chlamydiapulsed DC had an effect on the level of antichlamydial protective immunity generated at the genital mucosae. We found that i.v. immunization with chlamydia-pulsed DC was superior to either the s.c. or i.p. route (Fig. 1) . Compared to naive control animals, mice immunized i.v. with chlamydia-pulsed DC exhibited a 5.6-log-unit reduction in infectious burden following chlamydial challenge. Five of the eight challenged mice in the i.v.-immunized group were culture negative 7 days postchallenge, and the three culture-positive mice exhibited a marked reduction in chlamydial burden compared to naive controls. Interestingly, this level of protection was equivalent to that found in mice that had resolved a primary genital infection and were then rechallenged (4.6-log-unit reduction). Mice immunized by the s.c. or i.p. route exhibited only marginal levels of protection (s.c. ϭ 0.3 log unit) or were partially protected (i.p. ϭ 2.4 log units), respectively. There was also marked variation in the level of protective immunity generated in mice immunized by the i.p. route; three of five mice were highly protected, whereas no protection was observed the other two. Mice im- We next assayed the sera of immunized mice by enzymelinked immunosorbent assay ELISA for chlamydia-specific immunoglobulin G1 (IgG1) and IgG2a antibodies as a way of indirectly ascertaining whether they generated a CD4 ϩ Th1 immune response (Fig. 2) . All mice in the infected and rechallenged group and the i.v.-immunized group produced a chla- FIG. 4 . DC pulsed with chlamydiae differentially express Th1 cytokines. RNA was harvested from DC for RPA analysis at 2, 12, 24, and 48 h following no treatment (NT) or treatment with LPS, chlamydiae (heat-inactivated MoPn EBs), or latex beads. Unprotected mRNA probes for selected cytokines are shown in the left-hand lane in A and B. Treatment groups and time points are listed at the top of the gels. L32 and GAPDH are internal controls. Boxed bands represent differentially expressed genes. ‫,ء‬ no mRNA detected. mydia-specific IgG2a response indicative of a type 1 CD4 ϩ response. In contrast, only three of the five mice immunized by the i.p. route had detectable antichlamydial antibodies that were exclusively of the IgG2a (Th1) isotype. The mice with chlamydia-specific IgG2a serum antibodies were the same animals that exhibited significant levels of protective immunity following intravaginal challenge (Fig. 1) . All mice immunized s.c. with chlamydia-pulsed EBs and which were not protected following chlamydial challenge were negative by ELISA for chlamydial antibody (data not shown). In conclusion, the results clearly demonstrate that delivery of chlamydia-pulsed DC by the i.v. route is superior for eliciting a protective immune response against chlamydial infection of the genital mucosae. The reasons for these findings are not known, but it is possible that i.v.-administered antigen-pulsed DC home efficiently to regional or mesenteric lymph nodes, where they interact with T cells that are capable of homing to the genital mucosae.
Chlamydia-pulsed DC differentially express genes that promote DC migration, activation, and recruitment of T cells. The ability of immature DC to traffic from peripheral tissues such as the epithelium to draining regional lymph nodes is critical for the generation of an immune response (1, 5, (15) (16) (17) . DC migration to lymphatic tissue is regulated by chemokines, chemokine receptors, and cytokines (1, 21) . To ascertain if chlamydia-pulsed DC expressed immunomodulatory molecules that function in the homing and induction of T-cell immunity, we used RPA to examine the kinetics of DC chemokine, chemokine receptor, and cytokine gene expression following endocytosis of chlamydiae. Untreated DC, DC treated with E. coli LPS, and DC that had endocytosed 500-nm-diameter latex beads were included in the assays as negative and positive controls and as a control for induction of gene expression by the phagocytic process, respectively. Genes that were up regulated are identified in the figures by the boxes. The results show that MIP-1␣, MIP-2, TNF-␣, IL-1␣, IL-1␤, and IL-1RA were expressed by 2 h after treatment with chlamydiae as well as LPS and remained continuously expressed for as long as 48 h (Fig. 3 and 4A and B) . In contrast, MIP-3␣ and IL-12p40 were expressed at 12 h and showed similar continuous expression ( Fig. 3 and 4B ). IP-10 and IL-6 were transiently expressed, being detected at 12 h but not at 48 h ( Fig. 3 and 4A) . CCR1, CCR1␤, CCR2, CCR3, CCR4, CCR5, and CCR6 were not expressed at any time points following the uptake of chlamydial organisms (Fig. 5) . Expression of CCR7 by DC was observed under all culture conditions; however, only chlamydiapulsed DC expressed CCR7 at 48 h (Fig. 5) . The ability of EBs to dramatically up regulate the expression of such a large number of proinflammatory and immunomodulatory molecules is impressive. At present it is unknown what components of the organism might mediate this response. An obvious candidate is chlamydial LPS; however, we do not believe this to be the case because chlamydial LPS differs structurally from the positive-control enteric LPS in that it possess unusual longchain fatty acids that are known to result in its low to undetectable endotoxic activity (10) . Nevertheless, we cannot exclude this possibility, and wed did not test chlamydial LPS directly because of the difficulty in purifying sufficient amounts of the molecule from native chlamydial organisms.
In summary, we show that DC pulsed with nonviable chlamydiae that generate a potent protective immune response following i.v. adoptive transfer induce a wide spectrum of immunomodulatory genes that includes genes encoding MIP-1␣, MIP-2, MIP-3␣, TNF-␣, IL-1␣, IL-1␤, IL-1RA, IP-10, IL-6, IL-12p40, and CCR7. We believe that the most notable of these genes, in terms of the protective immunizing capabilities of antigen-pulsed DC, are likely to be CCR7, IL-12, and IP-10. The stable expression of CCR7 by chlamydia-pulsed DC may extend the duration of DC maturation following adoptive transfer, thereby allowing additional time for migration to local lymph nodes. Expression of IP-10 and IL-12 by chlamydiapulsed DC, albeit transient, implies an ability to specifically traffic effector T cells to the genital mucosae and potentially promote their differentiation toward a CD4 ϩ Th1 phenotype, a model that has recently been shown to function in the generation of protective immunity against the obligate intracellular eukaryotic pathogen Toxoplasma gondii (9) . Clearly, however, these conclusions need to be supported by further experimentation that would include monitoring DC migration to the iliac and mesenteric lymph nodes and in vivo antibodymediated depletion of IL-10 following adoptive immunization. Nevertheless, this work clearly demonstrates that DC pulsed with inactivated chlamydiae and administered i.v. elicit equivalent levels of protective immunity to that achieved by infection itself. These findings imply that eliciting protective immunity at the genital mucosae by more conventional vaccine strategies is feasible but will require both the identification of chlamydial protective antigens and the development of adjuvants capable of modulating local T-cell responses that favor the induction of CD4 ϩ type 1 immunity.
